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of phenotypes similar to bio1-1 and less severe than either bio2-1 or bio2-2.
The locations of mutation sites in bio1 mutant alleles in relation to different annotated versions of the BIO3-BIO1 locus are presented in Figure 2 . The bio1-2 mutant represents a putative null allele because the insertion is located within an exon in the middle of the BIO1 coding region. Flanking sequence obtained from both sides of the insert revealed a small deletion associated with the insertion (Supplemental Figure 1) . The point mutation in bio1-1 results in a longer transcript but a shorter open reading frame (ORF), which leads to a defective protein lacking the normal C-terminus ( Figure 1D ).
Based on a comparison of mutant phenotypes, this altered protein appears to retain little BIO1 function.
The bio1-3 insertion is located downstream of the BIO1 coding region but the precise location remains unresolved because flanking sequence obtained from both sides of the insert gave contradictory information (Supplemental Figure 1) . The failure of bio1-3 to complement either bio1-1 or bio1-2 in genetic crosses nevertheless confirms that BIO1 function in this mutant is disrupted.
Isolation and Characterization of bio3 Mutant Alleles
A candidate BIO3 gene (At5g57600) was identified in the Arabidopsis genome based on sequence homology to the BioD protein of E. coli. Three insertion lines that disrupted the coding region were obtained from the Arabidopsis Biological Resource Center (bio3-3) and the RIKEN Bioresource Center in Japan (bio3-1 and bio3-2). All three lines generated heterozygous plants that produced siliques with approximately 25% aborted seeds. Linkage between the T-DNA insert and mutant phenotype was confirmed by PCR genotyping of individual plants. Genetic complementation tests demonstrated that all three mutants are allelic (Table II) . Phenotypes of bio3 arrested embryos are similar to bio1 alleles and less severe than bio2 alleles (Table III) . Mutant embryos are pale and typically block at the transition to cotyledon stages of development. All three bio3 mutants are likely to be nulls based on insert locations. conversion of DAPA to DTB.
Allelism Between bio1 and bio3 Heterozygotes
An unexpected result was obtained when genetic complementation tests were performed between bio1 and bio3 heterozygotes (Table II) . In every combination examined, the mutants failed to complement, suggesting that a single gene was disrupted. Because these results were initially analyzed without knowledge of the types of transcripts produced, we reasoned that T-DNA insertions in BIO3 might be reducing expression of the downstream BIO1 gene. We then attempted to locate EMS mutations in the BIO3 coding region by searching the Arabidopsis TILLING database (Henikoff et al., 2004) with the hope that point mutations would have more limited effects. Unfortunately, no candidate mutations in the appropriate region were identified. We therefore concluded based on genetic evidence alone that BIO1 and BIO3 define a single genetic locus.
BIO1 and BIO3 Define a Single Locus that Exhibits Differential Splicing
Molecular evidence in support of a single chimeric locus was obtained by characterizing cDNAs derived from this region of the genome. The Arabidopsis EST clone RZ128g09R (GenBank AV551591) was first sequenced and found to match the exon structure of At5g57590. Sequencing of a 3' RACE product derived from this cDNA identified a 121 nucleotide 3'-UTR. A 5' RACE product was then sequenced and found to contain a single ORF that included both BIO3 (At5g57600) and BIO1 (At5g57590). The 78 nucleotide 5' UTR was later confirmed in a cap-dependent RACE experiment (Maruyama and Sugano, 1994) . These combined results demonstrate the existence of a monocistronic, full-length cDNA (GenBank EU089963) capable of encoding a single fusion protein (833 amino acids) with potentially two different catalytic activities.
Two additional full-length cDNAs spanning the BIO3-BIO1 locus were found in public databases: RAFL22-07-J07 (Seki et al., 2002) and BX842298 (Castelli et al., 2004) . The RAFL22 clone is bicistronic and contains separate BIO3 and BIO1 ORFs. The BX842298 clone includes small insertions and deletions that disrupt the BIO1 ORF. Whether these single nucleotide polymorphisms reflect true differences in transcripts or represent artifacts of sequencing remains unresolved. Another bicistronic cDNA was identified in the Nikolau laboratory (GenBank EU090805). Sequence alignments revealed a 10 nucleotide region in the bicistronic clones that is missing in the monocistronic clone (Supplemental Figure 2 ). This short sequence (5'-GCTGTTTCAG-3') provides an alternative 3' splice acceptor site that corresponds to the end of intron 4 in monocistronic (-10) transcripts and the start of exon 5 in bicistronic (+10) transcripts.
Four different ORFs can be identified within this region based on gene models and cDNA sequences (Figures 2 and 4) . The BIO3 (long) ORF found in the bicistronic clones terminates right after the (+10) sequence. The TAIR 7.0 annotation of the BIO3 (short) ORF utilizes an upstream stop codon that is predicted in other models to be part of intron 2. The resulting protein is not likely to be functional because it lacks a region conserved in orthologs from a variety of microorganisms. The TAIR 7.0 annotation of BIO1 (long) requires that a (-10) transcript be produced. In contrast, the BIO1 (short) protein encoded by the bicistronic transcript requires a (+10) transcript. This shortened protein also lacks conserved regions shared among microorganisms. The long BIO1 and BIO3 proteins are therefore most likely to be functional, if they are indeed produced.
Because evidence of a monocistronic, full-length transcript was at first limited to a single 5' RACE experiment, we designed additional RT-PCR primers capable of distinguishing between (+10) and (-10) mRNAs. The results obtained ( Figure 5 ) confirmed that significant amounts of both types of transcripts are present. The (+10) version is somewhat more abundant than the (-10) version in most parts of the plant. Although the (+10) sequence can be found in both the bicistronic full-length transcript and BIO1 single gene transcripts, the (-10) sequence appears to be limited to monocistronic full-length transcripts.
Arabidopsis therefore has the potential to produce a full-length BIO3-BIO1 transcript that encodes a bifunctional fusion protein capable of catalyzing two sequential reactions in biotin biosynthesis.
Organization of BIO1 and BIO3 Orthologs in Flowering Plants
Further evidence of differential splicing and the presence of a monocistronic transcript encoding a bifunctional protein was obtained by searching GenBank for homologous sequences from other plant species that spanned the junction region. Two different types of rice transcripts were identified. A fulllength cDNA (Accession AK100945) and EST (Accession AU0033128) confirm the presence of a monocistronic transcript. Another full-length cDNA (Accession AK241284) and EST (Accession CT857795) provide evidence for an alternative splice variant that does not encode either a fusion protein or a functional BIO1 protein. The only source of BIO1 activity in rice therefore appears to be the bifunctional protein. The main difference between the two types of transcripts is a region 37 nucleotides in length that provides an alternative 3' acceptor site for splicing. This rice sequence (5'-gcaatttttgtagcctaaatttctctttgctcattag-3') aligns in part with the (+10) region from Arabidopsis.
Monocistronic transcripts were also identified from EST databases with a TBLASTN search using a query (WWTQGPDPTFQAELAREMGY) based on the junction region of the predicted Arabidopsis bifunctional protein. This search identified ESTs from snapdragon (Accession AJ788704), artichoke (Accession EL452781) and barley (Accession CA029744) that appeared to encode a bifunctional protein.
We have therefore found evidence to support the widespread occurrence of transcripts capable of producing a bifunctional DAPA synthase / DTB synthetase protein in a variety of plants.
Organization of Biotin Biosynthetic Genes in Microorganisms
Several recent studies have surveyed the organization of biotin biosynthetic genes in microorganisms (Rodionov et al., 2002; Streit and Entcheva, 2003; Hall and Dietrich, 2007 
Functional Complementation of E. coli Biotin Auxotrophs
In order to assess the functions of different BIO3-BIO1 gene products, Arabidopsis proteins encoded by the monocistronic (-10) and bicistronic (+10) full-length cDNAs were produced in E. coli using a Gateway expression vector (pDEST17) that fused an N-terminal 6xHis-tag to each recombinant protein.
This added about 3-kDa to the molecular weight of each product. The (-10) construct was therefore expected to produce a 95-kD BIO3-BIO1 fusion protein and the (+10) version a 48-kD BIO3 protein.
Plasmid DNA from the expression clones was transformed into E. coli and evaluated for expression of targeted proteins ( Figures 7A and 7B) . Expression of the (+10) construct in E. coli strain BL21(λDE3) resulted in accumulation of the BIO3 protein (48 + 4 kDa). Expression of the (-10) construct in strain C41(λDE3) (Miroux and Walker, 1996 ) generated a fusion protein (95 + 8 kD). Both polypeptides uniquely reacted with anti-His-tag antibodies (data not shown). The failure of E. coli cells carrying the (+10) construct to accumulate BIO1 (short) protein suggests that bacterial ribosomes are unable to initiate translation effectively at the required internal AUG site.
Functional properties of the recombinant proteins were evaluated by introducing each construct into E. coli strains bioD (JW0761) and bioA (JW0757) obtained from the Keio collection of single gene knockouts (Baba et al., 2006) . We also examined the ynfK knockout (JW5264) because this gene encodes a dethiobiotin synthase-like protein that shares 50% sequence identity with BioD. The bioD and bioA mutants exhibited the expected biotin requirement for growth, whereas the ynfK mutant grew on a basal medium ( Figures 7C and 7D ). We therefore used only the bioD and bioA mutants for subsequent complementation studies.
Because the expression vector used for complementation utilizes the T7 RNA polymerase promoter to control expression of the targeted sequence, auxotrophic E. coli strains were first lysogenized with λ(DE3) to introduce the required T7 RNA polymerase. The resulting strains were then transformed with (+10) and (-10) constructs and with a negative control (pDEST17) and evaluated for growth in the absence of biotin. Both the (-10) and (+10) constructs complemented the bioD mutant and supported growth on basal media, although the (+10) construct was less effective than the (-10) construct (Figures 7E and 7G) . In contrast, only the (-10) construct complemented the bioA mutant ( Figures 7F and 7H ).
As expected, transformation with the control pDEST17 vector resulted in no growth on basal media. We therefore conclude that the monocistronic (-10) transcript encodes a 92 kDa fusion protein that is bifunctional, catalyzing both the dethiobiotin synthetase (BioD/BIO3) and DAPA aminotransferase (BioA/BIO1) reactions. The (+10) transcript, in contrast, encodes a smaller protein that exhibits only dethiobiotin synthase (BioD/BIO3) activity.
Evidence for Distinct BIO1 and BIO3 Transcripts in Arabidopsis
Having established that an Arabidopsis fusion protein produced from the monocistronic transcript is bifunctional in E. coli, and that similar proteins should be present in a variety of plants and fungi, we next sought to determine if single gene transcripts capable of producing distinct BIO1 and BIO3 proteins are produced in Arabidopsis. We were initially surprised by the striking differences in expression levels for BIO1 and BIO3 in public microarray databases. If full-length transcripts alone are produced, the relative levels of transcripts identified using primers localized to different regions of this locus should be the same. However, as shown in Figure 8 , multiple microarray experiments indicate that BIO1 expression is consistently above BIO3 levels.
RT-PCR primers were therefore designed to distinguish between single gene and full-length transcripts based on the assumption that portions of the 3'UTR for BIO3 transcripts and the 5'UTR for BIO1 transcripts were positioned within introns of full-length transcripts. The locations of primers used in these experiments are illustrated in Figure 4 . A PCR product of expected size (~0.7 kb) was obtained when a BIO3 forward primer (9385) joining the first two exons was used in combination with a reverse primer (9387) located in the fifth intron of the BIO3-BIO1 locus, downstream of the BIO3 (long) ORF and within the putative 3' untranslated region of the BIO3 (long) transcript ( Figure 9 , lanes 6 and 7).
Sequencing of this product (lower band) confirmed that a BIO3 (long) single gene transcript is produced.
We did not attempt to identify BIO3 (short) single gene transcripts because the resulting protein would not likely be functional.
No product was obtained when BIO1 forward primers (9381, 9414) located in BIO3-BIO1 intron 3 and far upstream (U) of the predicted ATG for BIO1 (short) were used in combination with a reverse primer that spanned two downstream exons (e.g. Figure 9 , lane 3). We concluded that these forward primers were located beyond of the start of the BIO1 (short) 5' UTR. Additional primers (9415, 9382) located further downstream gave a small amount of product of expected size (~1.2 kb) that was confirmed by sequencing to represent BIO1 (short) single gene (+10) 
Predicted Intracellular Localization of Biotin Biosynthetic Enzymes
The BIO3 protein contains an N terminal sequence that is predicted to target the protein to mitochondria. All of the major prediction programs for intracellular localization of plant proteins (Emanuelsson et al., 2007 ) support this conclusion. It therefore appears that the bifunctional protein produced from the monocistronic, full-length transcript and whatever BIO3 (long) protein is produced from the single gene transcript all function in mitochondria. In contrast, the BIO1 (long) protein encoded by the single gene transcript does not appear to contain a mitochondrial localization signal. The short version of this protein encoded by the predominant (+10) single gene transcript is also missing conserved N-terminal sequences found in microorganisms. BIO1 activity required for biotin biosynthesis in Arabidopsis therefore appears to be associated primarily with the bifunctional protein. Whether alternative pathways exist for production of small amounts of cytosolic DAPA utilizing related Sadenosyl methionine transaminases remains to be explored.
These results help to explain the failure of bio3 and bio1 mutants to complement. argue against the simple interpretation that BIO3-BIO1 should be viewed as another bifunctional plant protein that was incorrectly annotated in the Arabidopsis genome and previously escaped detection in biochemical studies. First, the predominant full-length transcript from this locus is bicistronic and encodes separate BIO3 and BIO1 proteins, not the bifunctional protein. Furthermore, single gene transcripts can also be produced, although the BIO1 transcript does not appear to encode a functional protein. Some bifunctional Arabidopsis proteins, however, are also encoded by complex loci that produce more than one type of transcript. One intriguing example with notable similarities to the case described here is the bifunctional lysine ketoglutarate reductase, saccharopine dehydrogenase (LKR-SDH) enzyme that catalyzes the initial reactions in lysine degradation. In some plants, including Arabidopsis, this enzyme is encoded by a complex locus with an internal promoter that allows expression of the monofunctional (downstream) SDH as well as internal polyadenylation sites that result is the production of monofunctional (upstream) LKR (Tang et al., 2002) .
Origin of the BIO3-BIO1 Bifunctional Protein
Although the presence of adjacent genes oriented in the same direction and associated with a single metabolic pathway is reminiscent of gene organization in bacterial operons, the probable origin of the BIO3-BIO1 locus of Arabidopsis is a gene fusion event that occurred early in the evolution of eukaryotes. This conclusion is supported by evidence of a bifunctional protein from whole-genome sequencing of Ostreococcus tauri, a basal member of the green alga lineage that gave rise to land plants (Derelle et al., 2006) and Cyanidioschyzon merolae, a primitive red alga (Matsuzaki et al., 2004) used for comparative studies of plant evolution (Misumi et al., 2005) , and from extensive sequence data derived from a wide range of basidiomyctes and filamentous fungi. Hall and Dietrich (2007) propose that much of the biotin pathway was lost in fungal ancestors of Saccharomyces and Candida, and that BIO3 and BIO1 orthologs were re-acquired through separate, horizontal gene transfer from an unspecified prokaryotic donor. The ability to produce a bicistronic transcript and separate gene products through differential splicing appears to have been a more recent event because it is limited, based on available sequence data, to selected angiosperms, including Arabidopsis, Brassica, and rice. Two examples of adjacent Arabidopsis genes with related functions in amino acid metabolism identified here are different in that rice orthologs of these genes are not physically adjacent. We are therefore unable to point to a single example of adjacent genes with related but distinct metabolic functions in Arabidopsis that remain adjacent in unrelated angiosperms but do not produce a chimeric transcript or encode a fusion protein.
Results presented here provide strong evidence that both of the intermediate steps catalyzed by the bifunctional BIO3-BIO1 protein and the monofunctional BIO3 protein also take place in mitochondria.
This underscores the central role that mitochondria serve in the biosynthesis of vitamin coenzymes (Rébeillé et al., 2007) . The membrane transport system that delivers KAPA into the mitochondrion of plant cells remains to be identified. The proteins involved may be difficult to identify through sequence homology because of differences in the compartmentalization of the biotin biosynthetic pathway in plants and microorganisms. The ability of a single plant protein to convert KAPA into DAPA and then DTB raises interesting questions about enzyme mechanics that remain to be addressed. Improved catalytic efficiency of the bifunctional enzyme may be advantageous in light of the trace amounts of intermediates available. The presence of a bifunctional enzyme also has implications for ongoing efforts to design herbicides that interfere with biotin production (Ashkenazi et al., 2007) and with biotechnological strategies to increase biotin levels in crop plants.
Another issue that needs to be reconciled is the ability of an E. coli bioA transgene to rescue the phenotype of the Arabidopsis bio1-1 point mutant (Patton et al., 1996) . Because the bacterial protein introduced into mutant plants did not include a mitochondrial localization signal, the enzymatic conversion of KAPA to DAPA probably took place in the cytosol, with the product transported into mitochondria. BIO3 activity in this case must have been provided either by a defective fusion protein altered only at a site associated with BIO1 activity, or by small amounts of monofunctional BIO3 protein.
The incomplete rescue observed in these experiments, despite high levels of transgene expression, is consistent with inefficient reaction and transport mechanisms related to aberrant localization of biotin intermediates.
The presence of a bifunctional BIO3-BIO1 protein in cell extracts from Arabidopsis plants remains to be definitively established. Based on the low transcript levels detected in multiple microarray and RT-Heterozygous plants chosen for treatment were first identified by screening immature siliques for aborted seeds and then trimmed to remove excess branches and stems before supplementation began. Embryo rescue experiments were performed under aseptic conditions (Schneider et al., 1989) 
Sequencing of the bio1-1 Mutant Allele
Genomic DNA was isolated from leaf tissue of plants homozygous for the bio1-1 allele and grown in the presence of 1 mM biotin. Using a set of primers that spanned the At5g57590 gene, PCR was used to generate a series of overlapping amplicons that were directly sequenced and compared to the wild-type Arabidopsis genome (TAIR 7.0). Any polymorphisms identified between the sequence derived from bio1-1 plants and the published genomic sequence were confirmed by PCR amplifying the homologous DNA fragment from wild-type Columbia plants.
transcripts (122 base pairs) were separated using a high resolution 4% MetaPhor (Cambrex Bio Science, Rockland, ME) agarose gel.
5' and 3' RACE Experiments
Initial 5'-RACE experiments designed to identify the full-length mRNA sequence that corresponded to the EST clone RZ128g09R were conducted with the Invitrogen 5´ RACE System. The 5'-and 3'-ends of the BIO3-BIO1 mRNA were authenticated with an RNA ligase-mediated rapid amplification method (Maruyama and Sugano, 1994) using the GeneRacer TM Kit (Invitrogen).
Complementation of Bacterial Biotin Auxotrophs
E. coli strains carrying mutations in biotin biosynthetic genes were obtained from the Keio collection of single gene knockouts (http://ecoli.aist-nara.ac.jp/gb6/Resources/deletion/deletion.html), which replaced each coding region with a kanamycin resistance gene (Baba et al., 2006) . Four different strains were used in these studies: BW25113 (wild-type parental strain), JW0761 (bioD knockout), JW0757
(bioA knockout), and JW5264 (ynfK knockout). Mutant strains were confirmed by their ability to grow on kanamycin and by sequencing of PCR products that amplified the mutant allele. Strains were first lysogenized with λ(DE3) to introduce the required T7 RNA polymerase and then transformed with pDEST17-derivative plasmids that carried either the BIO3-BIO1 (+10) or (-10) cDNA versions. These plasmids were constructed using PCR products corresponding to full-length Arabidopsis transcripts that were amplified using forward (5'-CACCATGATACCCGTAACCGC-3') and reverse (5'-AGCTGGAGAGAGAGTTTTGGGT-3') primers spanning the entire BIO1-BIO3 locus and then cloned in pENTR vector (Invitrogen). The (+10) and (-10) splice variants were identified by sequencing.
Constructs were then moved from pENTR to pDEST17 using Gateway Technology as recommended by the manufacturer. E. coli strains were grown in IPTG (0.1 mM) and kanamycin containing solid or liquid (M9 glucose) media that were either depleted of biotin by the addition of 50 µg ml -1 of avidin (basal medium) or supplemented with 1 mM biotin. RT-PCR confirmation of (+10) and (-10) transcripts. A, One strategy used a reverse primer (underlined) that spanned the fourth and fifth exons and skipped the 10 nucleotides (red) that are alternatively spliced. Sequencing confirmed that the single product obtained was derived from the (-10) transcript. B, A second strategy used a reverse primer located in a downstream exon. As expected, two products that differed in length by 10 nucleotides were obtained from leaves (L), flowers (F), and siliques (S). Sequencing confirmed that these products differed with respect to the 10 nucleotides in question. A small amount of genomic DNA was also amplified. C, Semi-quantitative RT-PCR analysis of the (+10) (open rectangles) and (-10) (black rectangles) products obtained using a reverse primer that spanned two downstream exons. Ubiquitin served as an internal standard. Band intensities were quantified using ImageJ (http://rsb.info.nih.gov/ij/) and normalized relative to the maximal intensity in the flower sample. A BIO3-BIO1 fusion protein is found in some fungi but not in yeasts. lower band in lanes 6 and 7 was confirmed by sequencing to be the expected product. This band is less abundant than the BIO1 (long) product (lanes 1 and 2) when gels are run under equivalent conditions. The upper band in lanes 6 and 7 represents contaminating genomic DNA. Plant extracts were prepared from leaves (lanes 1 to 6) and flowers (lane 7). 
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